AcLDL, acetylated LDL Here we analyze the effects of cholesterol and lyso-PtdCho loading in human monocytes and macrophages. We found that cholesterol acyltransferase and CE hydrolase activities are lower in monocytes. Monocytes also showed a different expression profile of cholesterol influx and efflux genes in response to lipid loading, and a different pattern of lyso-PtdCho metabolism. In monocytes increased levels of CE slowed the conversion of lyso-PtdCho into PtdCho. Interestingly, while macrophages accumulated glycerophosphocholine, phosphocholine was the main water-soluble choline metabolite being generated in monocytes, suggesting a role for mono-and diacylglycerol in the chemoattractability of these cells. In summary, monocytes and macrophages show significant differences in lipid metabolism and gene expression profiles in response to lipid loading. These findings provide new insights into the mechanisms of atherosclerosis and suggest potentials for targeting monocyte chemotactic properties not only in atherosclerosis but also in other diseases.
INTRODUCTION
The hallmark of atherosclerosis is the accumulation of lipid-loaded macrophages in the arterial wall (1, 2) .
These lipid-loaded macrophages, or macrophage foam cells, differentiate from peripheral blood monocytes that migrate into areas of "damage" in the arterial wall as a result of chemotactic stimuli (3, 4) . Monocyte adherence, their differentiation into macrophages, and other phenotypic modulations, including polarization into anti-and pro-inflammatory subsets, are involved in normal and abnormal pathophysiology. These aspects are well studied in the context of atherosclerosis. However, monocytes could also be contributing to the pathogenesis of atherosclerosis by pre-accumulating lipids and transporting them into the atherosclerotic lesions. Monocytes do express scavenger receptors (SR) to some degree (5-7) and are exposed to hypercholesterolemic conditions during disease state. Recent studies in mice and in hypercholesterolemic patients have shown lipid accumulations in blood monocytes (8) (9) (10) , but the consequences of cellular lipid accumulation, which have been well characterized in macrophages, are still unclear in monocytes.
Macrophages ingest cholesterol by endocytosis of aggregated and native low-density lipoprotein (LDL) via the LDL receptor (LDLR), and by uptake of modified lipoproteins through SR such as SR-A1 and CD36 (11, 12) . Cholesteryl esters (CE) derived from the lipoproteins are hydrolyzed in late endosomes/lysosomes to release free cholesterol, which is then distributed to the plasma membrane and peripheral organelles (13) .
Excess free cholesterol is re-esterified on the endoplasmic reticulum by acyl-CoA: cholesterol acyltransferase-1 (ACAT1) (13, 14) , and stored in cytoplasmic lipid droplets. This lipid-scavenging function of macrophages is initially beneficial, but under conditions of unregulated or increased lipid uptake, it leads to excessive accumulation of CE in macrophages that results in foam cell formation (14, 15) . In this way, acceptormediated cholesterol efflux plays a key role in protecting against atherosclerosis. By removing excess cellular cholesterol, cholesterol efflux is critical in preventing foam cell formation. CE hydrolysis to release free cholesterol from the CE stored in lipid droplets is the initial step in cholesterol efflux (16) . The generated free cholesterol is then transported to extracellular acceptors such as lipid-poor ApoA1 or high-density lipoprotein (HDL) by the ATP-transporters ABCA1 and ABCG1, respectively (17) .
In addition to cholesterol, plasma components such as lysophosphatidylcholine (lyso-PtdCho), which is increased in dyslipidemic serum (18) (19) (20) , and which has a great affinity for cholesterol (21) , might have a role in the cholesterol enrichment of monocytes. More importantly, lyso-PtdCho levels are increased during the oxidation of LDL (22) . Oxidized LDL (Ox-LDL) is important in the generation of foam cells and is involved by guest, on www.jlr.org Downloaded from
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Cell culture
The human monocytic cell line THP-1 was used as a model for monocytes. For macrophages THP-1 cells differentiated with 50ng/mL PMA for 72h and RAW264.7 macrophages were used. Cells were maintained in RPMI-1640 supplemented with 10% FBS, 1% penicillin streptomycin.
Lyso-PtdCho micelles and cell treatments
Micelles were prepared as described previously (29) . Micelle ratios were chosen on the basis of results from previous studies from our laboratory, which showed lower lyso-PtdCho-induced lysis when increasing concentrations of cholesterol were present (29) , and results from the cell viability assays (Supplementary Fig.   S3 ). A final concentration of 120µM cholesterol/ 60µM lyso-PtdCho was chosen to ensure minimal cytotoxicity for both monocytes and macrophages. A lower concentration of CE was used for the micelles (80µM CE/ 60µM lyso-PtdCho), as CE/lyso-PtdCho micelles induced more cell lysis, and increasing CE did not reduce the cytotoxicity of the micelles ( (29) and Supplementary Fig. S3 ). When added alone, 60µM lysoPtdCho was cytotoxic. In order to avoid any cytotoxicity in the treatments with lyso-PtdCho alone, we used a lower concentration (12µM) than that in the micelles. Monocytes/macrophages (1×10 6 cells/well in 2mL culture medium) were starved in serum-free RPMI-1640 for 3h prior to all treatments, and then incubated for the indicated times with the micelles in serum-free RPMI-1640. In all treatments, 40µM oleic acid was added.
Fluorescent NBD-cholesterol was used to monitor micelle uptake by the cells using fluorescence microscopy (Axio Observer.A1, Carl Zeiss AG, Jena, Germany).
Cell viability
Cell viability after treatment with the micelles was determined using the WST-1 assay kit (Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions. Cells were seeded into 96-well plates (5×10 4 cells/well in 100µL culture medium) in triplicate. Measurements were taken after 24h treatment.
Oil Red O staining
THP-1-derived macrophages were washed with 1x PBS and fixed directly in cell culture chamber slides with 10% formalin for 20 min and washed twice with deionized H 2 O. THP-1 monocytes were fixed with 10%
formalin for 20 min, centrifuged, re-suspended in deionized H 2 O and the cell suspension applied onto gelatincoated slides and placed on a hot plate to dry. Monocytes and macrophages were then incubated 5 min with 60% isopropanol followed by staining with Oil Red O for 30 min. The slides were washed and counterstained with hematoxylin. Cells were imaged using phase contrast microscope (Leica, Solms, Germany).
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Immunofluorescence staining
Monocytes and macrophages were stained for the presence of free cholesterol using filipin dye (0.5mg/mL in 1x PBS for 1h) as previously described (30) , and the presence of CE using HCS LipidTOX (Red Neutral Lipid Stain, Life Technologies, Carlsbad, CA, USA) following the manufacturer's instructions. The samples were mounted in ProLong® Gold Antifade Reagent and visualized using fluorescence microscopy (Axio Observer.A1).
Quantitative real time PCR
Total RNA from the cells was isolated using TRIzol™ reagent according to the manufacturer's instructions.
1µg of total RNA was used to synthesize cDNA and quantitative real time PCR was performed using CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) with SYBR Green as detection dye. mRNA levels of target genes were normalized to GAPDH. Primers are detailed in Supplementary Table 1 .
Quantification of cellular cholesterol
Cellular cholesterol content was measured using the Amplex Red Cholesterol Assay Kit as described previously (31) . Briefly, cells were lysed in 1× reaction buffer supplemented with protease inhibitor cocktail.
An aliquot of the lysate was used for protein quantification using the Bio-Rad DC Protein Assay Kit (Bio-Rad Laboratories, Hercules, CA, USA). The rest of the lysate was used for cell cholesterol measurement. Samples were heated at 60°C for 30 min to inactivate enzymes that could compete with the assay. With this assay both total cholesterol and CE can be quantified by including cholesterol esterase into the reaction. Cholesterol content was normalized to the amount of total cellular protein.
Isolation and modifications of lipoproteins
Following Institutional Review Board approval, blood was collected in heparinized tubes from consenting healthy donors. Plasma was separated by centrifugation at 3,000rpm for 20 min and lipoproteins were isolated by sequential ultracentrifugation using a Beckman TL-100 tabletop ultracentrifuge (Beckman, Palo Alto, CA, USA) (29) . Isolated lipoproteins were dialyzed against 0.3mM EDTA in 1× PBS (pH 7.4) overnight and sterilized using 0.22μm syringe filter. Protein concentration was estimated using the Bio-Rad DC Protein Assay Kit. LDL was acetylated using acetic anhydride (32) and acetylated LDL (AcLDL) was dialyzed overnight and sterilized using 0.22μm syringe filter. Tagging AcLDL with 3 H-cholesterol was done as 8 previously described (33) . Briefly, AcLDL (10µg protein/mL) and 3 H-cholesterol (0.25µCi/mL) were coincubated in serum-free RPMI-1640 for 24h at 37°C. Lyso-PtdCho metabolism was analyzed using 14 C-choline-lyso-PtdCho, synthesized from 14 C-choline chloride as previously described (29) . Cells were incubated for the indicated times with 14 C-choline-lyso-PtdCho/ cholesterol micelles, 14 C-choline-lyso-PtdCho/ CE micelles and 9 metabolites, and as percent of total radioactivity in the cell aqueous fraction for water-soluble choline metabolites.
Cholesterol efflux assay
Identification of metabolites by liquid chromatography (LC) coupled to high-resolution mass spectrometry (MS)
TLC bands of interest were cut according to authentic standards and compounds extracted using water/methanol (30/70, v/v). Ammonium acetate in acetonitrile/water (50/50, v/v) was added to the samples to 100mM final concentration. The samples were analyzed using the Flexar FX-15 ultra-high performance liquid chromatograph (UPLC) coupled to Axion2ToF MS (Perkin-Elmer) as previously described (37) 
RESULTS
Monocytes and macrophages from hypercholesterolemic mice accumulate CE.
First, we analyzed if high cholesterol levels in blood would induce CE accumulation in peripheral blood monocytes. LDLR -/-mice fed a high fat diet for 45 days were used as a model of hypercholesterolemia. As shown in Table 1 , total cholesterol, LDL-cholesterol, and triglyceride concentrations were significantly increased in the high fat diet fed mice compared with mice on a normal chow. The ratio of total cholesterol to HDL and LDL to HDL was also higher in the high fat diet group. Peripheral blood monocytes and peritoneal macrophages from these mice were isolated and compared with monocytes and macrophages from mice fed a normal chow diet. In mice on a high fat diet both, monocytes and macrophages, showed significantly higher levels of CE compared with cells from mice fed a normal diet ( Fig. 1A and B, respectively). Moreover, there was a positive correlation between plasma LDL and monocyte CE content in the high fat diet group (Fig. 1C) .
In vitro studies showed that THP-1 monocytes were able to take up acetylated LDL (AcLDL), although at lower levels than THP-1-derived macrophages ( Supplementary Fig. S1 ). Taken together, these data show that monocytes, similar to macrophages, can accumulate CE when exposed to high levels of cholesterol.
Cholesterol acyltransferase and CE hydrolase activities increase with the differentiation from monocytes to macrophages.
To study the differences in cholesterol and CE metabolism between monocytes and macrophages, we used a novel assay developed in our laboratory (29) that is based on the ability of lyso-PtdCho to solubilize and deliver cholesterol into the cells. This method allowed us to study the differences between loading with free cholesterol or with CE avoiding the use of any inhibitors. The specific cholesterol, CE, and lyso-PtdCho ratios were chosen as described in the Methods section. Using this technique, we efficiently loaded THP-1 monocytes and THP-1-derived macrophages with free cholesterol using cholesterol/ lyso-PtdCho micelles (120µM cholesterol/ 60µM lyso-PtdCho), or with CE using CE/ lyso-PtdCho micelles (80µM CE/ 60µM lysoPtdCho), as demonstrated by the presence of fluorescent NBD-cholesterol inside the cells (Supplementary Fig.   S2A ) and by accumulation of lipid droplets after 72h incubation with the micelles (Supplementary Fig. S2B ).
The micelles had no significant cytotoxic effects at the concentrations used for the assays (Supplementary Fig.   S3 ).
Using this method we determined the fate of cholesterol in undifferentiated and differentiated THP-1 cells after incubation with radioactively labeled micelles. When loaded with 3 H-cholesterol/ lyso-PtdCho micelles, monocytes showed poor conversion of free cholesterol into CE compared with macrophages, even after 72h incubation ( Fig. 2A) . Monocytes also showed significantly lower levels of CE hydrolysis into free cholesterol when loaded with 3 H-CE/ lyso-PtdCho (Fig. 2B) . In contrast to monocytes, macrophages efficiently incorporated free cholesterol into CE, and efficiently hydrolyzed it into free cholesterol when loaded directly with CE micelles (Fig. 2A, B) .
We confirmed these results using filipin complex to stain free cholesterol and LipidTOX reagent to stain for neutral lipids in monocytes and macrophages incubated with the different micelles for 72h (Fig. 2C ).
Monocytes incubated with free cholesterol micelles showed lower levels of neutral lipid accumulation compared with macrophages, suggesting that monocytes can be more resistant to become foam cells compared with fully differentiated macrophages.
The differentiation process alters the expression of genes involved in cholesterol metabolism and transport.
The analysis of genes associated with cholesterol metabolism and transport showed that monocytes and macrophages have a significantly different expression profile. First, we analyzed the expression of LDLR, involved in native LDL uptake, and the expression of two scavenger receptors involved in the uptake of modified LDL, CD36 and SR-A1 (11, 12) . We found that LDLR was significantly down-regulated during the differentiation from monocytes to macrophages, in contrast to CD36 and SR-A1 expression levels that were significantly higher in macrophages compared with monocytes (Fig. 3A) .
Analysis of genes involved in cholesterol efflux showed that the expression of the ATP-binding cassette transporters ABCA1 and ABCG1 was up-regulated during the differentiation process (Fig. 3B) . The expression levels of the CE hydrolase CES1 were significantly higher in monocytes than in macrophages (Fig.   3B ). There were no differences in the expression of the ACAT1 gene (Fig. 3A) , or the CE hydrolase NCEH1 gene (Fig. 3B ).
Lipid loading has a different effect on the gene expression profile in monocytes and macrophages.
In macrophages the effect of high cholesterol levels on gene expression has been well studied. However, in monocytes the changes in the expression of key genes related to atherosclerosis are less understood.
Therefore, we analyzed the expression of several genes in lipid loaded monocytes and used lipid-loaded macrophages as reference. Cholesterol accumulation is known to suppress the expression of LDLR through the deactivation of SREBPs transcription factors (38) . Indeed, we found that cholesterol/ lyso-PtdCho and CE/ by guest, on www.jlr.org Downloaded from lyso-PtdCho micelles induced a significant decrease in the expression of LDLR in monocytes and macrophages (Fig. 4A , dashed bars and dark grey bars, respectively). When we analyzed the expression of the scavenger receptors CD36 and SR-A1 we found that CE/ lyso-PtdCho micelles induced a significant increase in the expression of the CD36 only in monocytes (Fig. 4D , dark grey bars), but no changes were found for the SR-A1 gene expression in any of the conditions (Fig. 4C ).
In line with previous studies showing an increase in ABCA1 and ABCG1 in lipid loaded macrophages (39, 40) , loading monocytes with free cholesterol also induced a significant increase in the expression of ABCA1
and ABCG1 (Fig. 4E, F; dashed bars) . Surprisingly, loading with CE did not induce significant changes in the expression of these genes in either cell type ( Fig. 4E, F ; dark grey bars).
Only in monocytes cholesterol/ lyso-PtdCho micelles decreased the expression of ACAT1 and CES1 ( Fig. 4B and G, respectively). CES1 gene expression increased with CE/ lyso-PtdCho micelles incubation in monocytes, but decreased in macrophages with the same treatment (Fig. 4G ). NCEH1 gene expression levels remained unchanged with the treatments (Fig. 4H) . Interestingly, loading with lyso-PtdCho alone induced a significant decrease in the expression of LDLR and ABCA1 in monocytes ( Fig. 4A and E) . In summary, monocytes and macrophages showed a significantly different expression profile in response to cholesterol and CE loading.
The cholesterol efflux rate is higher in monocytes than in macrophages.
The increase in ABCA1 and ABCG1 expression with cholesterol loading suggests that cholesterol from monocytes in circulation could potentially be reversed transported. Given that cholesterol efflux from macrophage foam cells occurs via ABCA1 to pre-β-HDL and via ABCG1/G4 to HDL (17), we decided to test the differences in the cholesterol efflux to HDL between monocytes and macrophages when cells were loaded either with free cholesterol or with CE. Cells loaded with AcLDL were also analyzed. After incubation of THP-1 monocytes and macrophages with 3 H-cholesterol/ lyso-PtdCho, macrophages to form foam cells. To tests this hypothesis, THP-1 monocytes were incubated with cholesterol/ lyso-PtdCho micelles or DiI-AcLDL (50µg/ml) for 24h, cells were then imaged to monitor uptake by cells (Fig. 5C ) and then washed and incubated with serum-free RPMI-1640 for 24h. In the absence of acceptors, the amount of cholesterol efflux from lipid loaded monocytes during the 24h incubation reflects basal levels of efflux. Moreover, we felt that any conditions that would promote efflux should not be carried to the next step of the experiment, as it would be counterproductive for cholesterol loading. To demonstrate that the monocyte-derived cholesterol was taken up by macrophages, the conditioned media was used on RAW264.7 macrophages to evaluate the transfer of the lipids from lipid loaded monocytes to macrophages. Indeed, we found that macrophages are able to take up lipids released to the medium by loaded monocytes (Fig. 5D ). The formation of neutral lipids was confirmed by Oil Red O staining (Fig. 5C ), indicating that such lipids might be used for foam cell formation. No lipid droplets were observed when macrophages were incubated with conditional media from non-loaded monocytes (Fig. 5B ).
Lyso-PtdCho metabolism in monocytes is affected by the presence of high levels of CE.
Considering that hypercholesterolemic conditions are characterized not only by high levels of cholesterol, but also high levels of lyso-PtdCho (18) (19) (20) , and that lyso-PtdCho is a major bioactive lipid component of Ox-LDL (24-26), we decided to test whether cholesterol or CE accumulation would have any effects on the metabolism of lyso-PtdCho. To test this we loaded THP-1 monocytes and macrophages with 14 C-lyso-PtdCho alone, cholesterol/ 14 C-lyso-PtdCho, and CE/ 14 C-lyso-PtdCho micelles, and incubated for 4 and 24h. Lipid and aqueous fractions were extracted from the cells and analyzed by TLC and autoradiography analysis. The analysis of the lipid fraction showed that monocytes were less efficient than macrophages in metabolizing the incorporated lyso-PtdCho, more significantly when added together with CE (Fig. 6A, B) . In monocytes incubated with lyso-PtdCho alone, or lyso-PtdCho together with free cholesterol, by 4h the incorporated lysoPtdCho was already metabolized, mainly into phosphatidylcholine (PtdCho) and a small percentage into sphingomyelin (Fig. 6A, B) . However, in monocytes incubated with CE/ lyso-PtdCho micelles, at 4h the radioactivity remained mainly in the lyso-PtdCho fraction (Fig. 6A, B) . In contrast, macrophages independently of loading with lyso-PtdCho alone, or lyso-PtdCho together with free cholesterol or CE, readily metabolized the incorporated lyso-PtdCho (Fig. 6C, D) . These results show that CE content influences the metabolism of lyso-PtdCho only in monocytes.
Monocytes and macrophages show a different pattern of choline metabolites.
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The analysis of the aqueous cell fraction showed that the water-soluble choline metabolites derived from the incorporated lyso-PtdCho were different in monocytes and macrophages (Fig. 7) . The data showed that while in macrophages the main percentage of radioactive counts in the aqueous fraction were found in the glycerophosphocholine, regardless of the treatment and the incubation time (Fig. 7C, D) , in monocytes the 14 C-choline was found mainly in the phosphocholine fraction after 24h incubation (Fig. 7A, B) . Macrophages also showed a higher percentage of choline being generated from the incorporated lyso-PtdCho compared with monocytes. There were no differences between the different micelle treatments in the water-soluble choline metabolites derived from the lyso-PtdCho metabolism. Because the standards of the water-soluble choline compounds showed variations in their retention time on the TLC compared with the sample spots found on the autoradiographs (Fig. 7C, D) , the presence of phosphocholine, glycerophosphocholine and choline on the corresponding TLC lanes was confirmed by liquid chromatography coupled to high resolution mass spectrometry (LC-MS) ( Supplementary Fig. S4 ). We found that there was an increased retention time on the test samples compared with the standards, probably because of the presence of ions on the sample solvent, and confirmed that the lanes corresponding to the autoradiograph spots were phosphocholine, glycerophosphocholine and choline. 
DISCUSSION
In this study, we provide evidence showing that monocyte properties are altered by hypercholesterolemia in a different manner than in macrophages. Monocytes, as macrophages, play an important role in the pathogenesis of atherosclerosis. However, the majority of studies on this field have centered on the macrophages. In this study, we have focused on the effects that the hypercholesterolemia, a condition associated with atherosclerosis development and progression, has on monocytes and how they compare to macrophages.
Monocytes like macrophages express LDLR and scavenger receptors, and are exposed to cholesterol and other lipids during hypercholesterolemic conditions. In this context, we show in a mouse model of hypercholesterolemia that peripheral blood monocytes accumulate CE when exposed to high levels of cholesterol in circulation, in line with previous studies showing that both monocytes and macrophages are able to uptake modified LDL (8) (9) (10) . These results indicate that foam-like monocytes could be contributing to lesion formation in other ways than as a precursors for lesional macrophages, for example, as a source of lipids that are transported from the bloodstream into the plaques, demonstrating the need for studies that analyze the effects that lipid accumulation has on the monocyte.
During hypercholesterolemia, in addition to cholesterol, the levels of other lipids such as lyso-PtdCho are also increased in plasma (18) (19) (20) . Lyso-PtdCho is also known to be increased during the oxidation of LDL (22) and has been attributed many pro-atherogenic properties (24, 25) . These, together with our findings showing that CE content in monocytes positively correlated with plasma LDL (Fig. 1C) , would suggest that under hypercholesterolemic conditions not only CE is accumulated in monocytes, but also lyso-PtdCho levels would be increased in these cells. This might also indicate that cholesterol and lyso-PtdCho could influence each other's metabolism and effects. Moreover, formation of monocyte and macrophage foam cells might be conductive to the generation and recruitment of more foam cells not only through protein factors like MCP-1, RANTES, etc., but also via lyso-PtdCho degradation products through phospholipase C/D enzymes (41) .
To study the effects of both these molecules we took advantage of a method developed in our laboratory that uses lyso-PtdCho micelles to incorporate cholesterol and CE into the cells (29) . Cells do not just take up cholesterol, even under in vitro conditions. Past studies from our laboratory demonstrated that a highly nonpolar molecule, β-carotene, could be very efficiently solubilized using lyso-PtdCho as a natural "detergent" (42) . Using this method we were able to enrich human THP-1 monocytes and macrophages with cholesterol and CE ( Supplementary Fig. S2 ). 
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The analysis of cholesterol metabolism showed that macrophages were significantly more efficient than monocytes in esterifying the incorporated cholesterol ( Fig. 2A) . In other words, the ACAT activity of macrophages appeared to be far greater compared with that of monocytes. In this regard, it has been shown that ACAT1 protein increases significantly during the monocyte-macrophage differentiation process (43, 44) .
Moreover, the fact that monocytes showed poor conversion of free cholesterol to CE, together with our in vivo experiments showing CE accumulation in peripheral blood monocytes from hypercholesterolemic mice (Fig.   1A ), suggests that monocytes in circulation mainly uptake the cholesterol in the form of CE.
Monocytes also showed limited capacity to hydrolyze CE when loaded with CE micelles (Fig. 2B) . Gene expression of the CE hydrolase CES1 was significantly higher in monocytes than in macrophages, but the expression levels of another CE hydrolase, NCEH1, were similar in both cell types (Fig. 3B) . Recent findings show that NCEH1 is the enzyme primarily involved in the hydrolysis of CE in human macrophages, and the contribution of CES1 is lower (45) . Future experiments should address the differences in the activity of the specific CE hydrolases between monocytes and macrophages.
Analysis of the effects of cholesterol and CE loading on gene expression also revealed significant differences between monocytes and macrophages (Fig. 4) . Monocytes showed a different profile in the expression of the scavenger receptor CD36, and the enzymes involved in cholesterol metabolism ACAT1 and CES1 after cholesterol and CE loading (Fig. 4B, D, G) . While SR-A1 gene expression was not affected by any treatment, CD36 gene expression was significantly up-regulated only in monocytes treated with CE micelles (Fig. 4D) .
Indeed, it has been shown that CD36 is up-regulated with LDL uptake (5, 46) . CD36 is associated with the uptake of Ox-LDL (12) . This would suggest that once monocytes uptake CE they would be primed to load more lipids through increased scavenger receptor expression.
Free cholesterol loading induced a similar response in the expression of the cholesterol responsive genes LDLR, ABCA1 and ABCG1 in monocytes and macrophages (Fig. 4A, E, F) , in line to what has been previously described for macrophages (38) (39) (40) . In contrast, although CE loading down-regulated LDLR gene expression (Fig. 4A) , CE loading failed to induce an up-regulation of ABCA1 and ABCG1 (Fig. 4E, F) . This would indicate that unesterified cholesterol induces more efficiently the expression of the ABCA1 and ABCG1 transporters compared with CE, whereas LDLR down-regulation is induced by both free and esterified cholesterol at similar level. Indeed, it has been described that stimulation of CE hydrolysis in macrophages induces the expression of ABCA1 (47).
The results showing that monocytes up-regulate the expression of ABC-transporters suggested that monocytes are targets for cholesterol efflux in the presence of HDL. Our results show that monocytes loaded with free cholesterol or AcLDL had higher rates of cholesterol efflux to the HDL compared with macrophages, but not when cells were loaded with CE (Fig. 5A ). (48, 49) , it is possible that the secreted lipids are in the form of such complexes, and whether the uptake of such complexes by macrophages involves receptor(s) other than scavenger receptors is a topic for future study.
Therefore, lipids transported into the lesions by monocytes could contribute to the formation of foam cells.
However, further experiments are needed to validate this theory. In order to explain our observation of similar efflux rates from CE-loaded monocytes and macrophages (Fig. 5A) , and lower cholesterol efflux rates in macrophages when loaded with AcLDL, future experiments should analyze the differences of cholesterol acyltransferases and CE hydrolases at the protein level, and the differences at specific steps of the intracellular cholesterol transport between monocytes and macrophages. Also, it is important to point out that monocytes and macrophages showed different AcLDL uptake and this could influence the cholesterol efflux rate. In macrophages, we observed a higher uptake of AcLDL than in monocytes, as shown by the higher levels of DiI-AcLDL ( Supplementary Fig. S1 ), and by the higher levels of 3H-cholesterol after incubation with radioactively-labeled AcLDL (data not shown), which correlates whith the observation that macrophages had significantly higher gene expression levels of the scavenger receptors CD36 and SR-A1 (Fig. 3A) . The analysis of the cell lipid fraction revealed that CE loading influences the metabolism of lyso-PtdCho in monocytes (Fig. 6A, B) . Monocytes show a slower metabolism of lyso-PtdCho compared with macrophages, which readily metabolize the incorporated lyso-PtdCho independently of the cholesterol or CE content (Fig.   6 ). The effect of CE on lyso-PtdCho metabolism could be due to the association of LPCAT enzymes to lipid droplets (50) . It has been recently described that LPCAT1 knockdown induces an increase of lipid droplet size (50). Thus, it is possible that high intracellular CE levels influence the activity of LPCAT enzymes to adjust the properties of the lipid droplet surface monolayer.
The analysis of the aqueous fraction revealed that monocytes have a different pattern of choline metabolism compared with macrophages (Fig. 7) . While in macrophages the radioactive counts in the aqueous fraction were found mainly in the form of glycerophosphocholine, with no significant changes over time (Fig. 7C, D) , monocytes preferentially generated phosphocholine, more significantly after 24h (Fig.7A, B) . Based on our results, the increased levels of phosphocholine we find at 24h in monocytes could come from the generated PtdCho, through the action of phospholipase C, producing also diacylglycerol (DAG) from PtdCho.
Sphingomyelin can also be a precursor for phosphocholine through the action of the sphingomyelinases.
Accumulation of glycerophosphocholine in macrophages not only suggests active acylation/transacylation and lysophospholipase-catalyzed deacylation mechanisms, but also a poor capacity to breakdown glycerophosphocholine by diesterases. Interestingly, it has been proposed that a glycerophosphocholine choline phosphodiesterase exists that catalyzes the hydrolysis of glycerophosphocholine generating glycerol and phosphocholine (51, 52 ). This will explain better our results in monocytes, where we see at 24h the disappearance of the glycerophosphocholine found at 4h, which maybe is being hydrolyzed into the phosphocholine we find at 24h (Fig. 7A, B) . In this way, our results would suggest that the glycerophosphocholine choline phosphodiesterase is lower or dysfunctional in macrophages.
The synthesis and hydrolysis of choline metabolites generates mitogenic and chemotactic molecules such as phosphocholine (53) Control vs. treatment, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 (One-way ANOVA, Dunnett's posttest). 
